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IN SPUR GEARS
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by L,S. Akin, D.P. Townsend, and J.J, Hross
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Chio 44135
ABSTRACT
Lubricant jet flow impingement and penetration depth into a gear
tooth space were measured at 4920 and 2560 RPM using a 8,89 cm (3.5 inch)
pitch diameter 8 pitch spur gear at oil pressures from 7x104 to M.:-:l()lb
Nlm (10 psi to 60 psi). A high speed motion plcturecaﬂerawns used
with xenon and high speed stroboscq?ic 11ghns to slow down and stop the
motion of the oil jet 50 that the impinoemenq depth could be determined.
An analytical model was developed for the vecﬁorial jimpingement depth

and for the 1mpinwement depth w1th tooth space ‘windage effects included

. The windage effects on the oxl jet were small for oil drop size greater

than ,0076 cm (,003 tnches). The analytical imp1ngcment depth compared
f&vorably with experimental resqlts above an oil jet pressure of 7::104
Nlm2 (10 psi). Some of this oil jet pemetrates further into the tooth
space after impingement, Nuch‘of ﬁhis pos;.impingement oil is thrown

out of the tooth space without further contacting the gear teeth.

*GCeneral Electric Co., Marine Turbine and Gear Products; Member ASME
*¥NASA-Lewis Research Center, Member ASME
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NOMENCLATURE

Horizontal tooth space distanée from impingement point, m(inches)
Tangential acceleration, m/sec? (ft/secz)

Radial acceleration, n/sec? (ft/secz)

Backlash of gear set Py m(inches)

Horizontal tooth space distance to impingement point, m{inches)
Drag coefficient for air

Pitch diameter of gear, m(inches)

Diameter of oil droplet, m{inches)

Forces in x, v and z direction, N(1b)
Acceleration due to gravity, m/sec2 (ft/secz)

Measured impingement depth, ﬁ(iﬁches)

Vectorial impingement depth, m(inches)

Windage impingement depth, ﬁ(inéhes)

Approximate vectorial impingement depth, m(inches)

Number of teeth

Rotational speed, RPM

Differential pressure between oil and ambient, N/m2 (psi)
Differential pressure for pitch line depth, §/m? (psi)
Differential pressure for working depth, Nlm2 (psi)

Diametral pitch

Outside radius of gear, m(inches)

- Piteh radius of gear, m(inches)

Time relative to a, sec



Pa

Po

"Time relative to b, sec

Time of flight from a to Hw, sec

Resultant jet velocity, m/sec (ft/sec)

- Eddy current velocity, m/sec (ft/sec)

Gear velocity, m/sec (ft/sec)

‘011 jet velocity, m/sec (ft/sec)

Gear pitch line velocity, m/sec (ft/sec)

Radial velocity, m/sec (ft/sec)

Tangentiél tooth space droplet windage velocity, m/sec (ft/sec)
Tangential boundary layer droplet windage velocity, m/sec (ft/sec)
Coordinates of droplet, m(inches)

Coordinates of droplet at impingement, m{inches)

Vectorial angle of drople;,.dégrees

Vectorial angle of droplet at Ro’ degrees

Weight density N/m3 (lﬁ/ft3)'

Maximum boundary layer thickness, m(inches)

Impingement angle, degrees

Density of air, kilogram/m3 (slugs/ft3)

Density of oil, kilogram/ms (slugszlfts)

Gear tooth pressure angle, degrees.

Angular velocity of gear, radians/sec



INTRODUCTION

The design of gear sets depends on at least three separate
fatlure criteria. These a?e beﬁding fatigue, surface fatigue or
pitting, and lubfication fai'lur._'e or breakdowm,., Of t'hese failure
criteria, the least understood is the failure of the gears due to
improper lubrication and cooling. The best kmown criteria for
evaluating the lubrication failure mode is to analyze the prob-
ability of the gear drive eipgriencing scoring or scuffing [1].
This failure mode is associated with the breakdown of elgstoﬁydro-
dynamic and boundary.lubricanc films on the gear tooth surface [2].
'The temperature of the gear tooth surfaces has an important if not
controllipg'effect upon this phenomenoﬁ.‘ Hence, cooling of gears
musf be accomélished without allowing excessive surface temperaﬁure
to initiate the scoring mode of failuref 'Another very important
aspect of the cooling phenomena in gears 1is that it is a controlling
factor in determining the mismatch in parallelism between wide faced
high~speed,high horsepower double helical drives. . These drives are
usually found in large marine and industrial power plant applications.

As a first step in understanding the cooling phenomena in gears,
it is important to understand how oil penetrates into the gear tooth
spaces under dynamic conditions. This is necessary in order to determine
how much of the impinging oil is involved in the cooling and lubrication
processes and how much of the lubricant is "flung-off"., 1In addition, it

is important for the design engineer to be able to specify a sufficient



oil jet pressure to assure adequate oil jet penetration into the root
region of the pgear teeth, The oil jet "impingement depth" is tﬁe
point where the lubricant jet collides with the ge#r tooth while the
"penetfation depth" 1s the maximum depth of lubricant penetration after
impingement, The penetration depth is usually larger than the impinge~
ment depth, An analytical model, emabling the engineer to make this
determination, was developed by McCain and Alsandor {3] for a
high.speed Ryder gear ﬁester. The analysis was not verified experi.
mentally, Further, [3}] does not include the effects of windage
which may be an important factor in the penetration of theAjet of oil
into the tooth root region,

It was indicated in [4] that the oii jet after impingement with the
gear tooth surface splits up into two stfeams, one of which goes
further down the tooth surface. 1If this were true, theﬁ adequate
cooling could have been obtained wi;h lover oil jet pressure than
that needed for full impingement to the tooth root.

The objectives of the research reported herein is to (1) develop
a kinematic tooth space entry model of a jet of oil through gear teeth
and (2) compare the analytical model with experiment test results. In
order to ‘accomplish these objcctives, experimental work was performed
to study the penetration and "{ling off' of a jet of oil entering gear
teeth using high-speed photography. Gear speed and oil jet pressure
were varied, An analytical model was developed considering the trajectory

of an oil jet into a dynamic gear set, considering windage effects,



APPARATUS, SPECIMENS, AND PROCEDURES

Test Apparatus

The lubricant fling off tests were performed in the NASA.Lewis
Research Center gear test apparatus shown in Fig. 1 and described
more fully in [5]. This test rig uses the four-square prin-
ciple of loading the test gears, Load is applied to the gears by
a hydraulic loading system,

The test gears were 8 diametrial pitch, having a 8.89-cm {3.5-inches)
pitch diameter, a 20 degree contact angle and a whole depth of 0;762 cm
(0.300 inches)}. The gears were made with a very wide face width to
allow for the coverége of light and pillspray for test conditions,

The gear material was a low carbon steel,

" A specially designed test Béaf'cﬁveri was made for the fling
off tests. The cover has two wipddws 90-degree5 apaft for admitting
light to the test gears and a vipwing window inlfront of the gears
for viewing or photographing the.fling-off phenomenon, The viewing
window and light windows are protected from oil splash bylshielding.
These windows are constantly swept.by a thin film of high velocity
air blown across the windows to keep them free of oil for good light
passage. V-jet, oil norzles are IQcatéd behind each of the ljight
windows and spray a thin fan shaped stream of o0il onto the gear teeth
parallel to the gear axis., The nozrle used for these tests had an
80° spray angle and a 0,11 cm (0,043 in) diameter orifice., In all test

conditions the oil jet was either a continuous stream or larpge droplets,



A large direct current power supply provides power for the
one thousand watt xenon lamp used to illuminate the lubricant. The
light from the zenon lamp is passed through a condenser lense to
give a parallel light, it then passes through a cylindrical lense
to bring the.light into focus as a narrow slit of light, The light,
which i{s reflected by a 45-degree mirror, passes through the light
window and cresses the fan shaped oil stream at 90°,

The lubricant used in the tests was a clear mineral oil to
which was added approximately ten percent by volume of white lithopone
pigment to give it the appearance of milk, When the narrow band of
intense light crossed the fan of oil containing the white pigment
a bright line of oil was illuminated so that it could be photographed
with a high-speed camera. |

A high-speed air cooled strdb§scopiq-light is placed close to
 the window to light up the gear teeth so that the posiiion of the
pil jet can be determined in relation to the gear teeth, The strobo-
scopic system has a timer that prevents burn out of the flash tube.

A highaspeed Hycam movie camera was used to photograph ghe oil
film through a 45-degree mirror and the gear box cover window.

Test Procedure

The test lubricant was first used as a plain lubricant but as
more light was required for the high-speed movie film, a method was
needed to improve the lighting of the oil jet with the xenon lamp.

It was dccidgd-after some investigation to use a white pigament



of very fine particles in the lubficant to reflect the light, The
lubricant was then mixed with the white pigment aﬁd put into the
lubrication tank and kept in circulation during each test to prevent
settling,

The xenon lamp was started and the maximum power setting obtained
to give maximum.light. The condenser lense and the cylindrical lense
were then positioned to focus the xenon light into a very high
intenisty narrow beam of light about .8 mm (.032 inch) thick and 3.8 cm
(1.5 inches) wide at the gear tooth top land surface,

Several tests were run at different test conditions, The gear
speeds were 4920 and 2560 rpm. The camera was run at a Spéed that
would synchronize with each gear tooth 5pa¢§ énd then at one half and
one fourth the tooth synchronized speed. A'I“l‘.le lower camera speeds were |
run to give more light per frame for the film, This gave film speeds of
2300, 1150, and 575 frames per sgcanﬂ‘fqr the 4920 rpm tests and 1150,
575 and 237 frames per second for the 2560 rpm tests, fhe.oil jet pressure
was varied for each speed from 7x104 to l+_lx104 Nlm2 (10 psi go 60 psi) to
give various oil jet impingement depths into the gear tooth space.

With the xenon lamp on, the gear Qpeed set and oil jet pressure
set, the hiphuspeed camera was started and allowed to attain the
desired speed., When the camera had attained the set speed, the high-
speed stroboscope was turned on for one half second at the high speeds
and for one second at the lower speeds.

The film was developed and individugl frames printed that would

show the position of the illuminated oil at the various test conditions,



From these individual frames and the moving.film strips, the depth

of oil jet penetration into the gear tooth space was determined. Also,
the way the oil jet was affected by the moving gear tboth was observed
to determine what héppened to the oil film on the gear teeth during
impingement,

Analytical Approach

Tracing the locus of the trajectory of a droplét of the cooling-
oil through a moving gear tooth space is a very complex task., Generally,
the oil-jet trajectory will have the appearance as shown in Fig, 2
relative to a stationary nozzle and as sbown in Fig, 3 relative to
the gear. It is assumed in this paper that the oil-jet nozzle is
directed radially inward and toward gear center. A nozzle directed
otherwise in a specific practical application is applicable only in
terms of a velocity component in the.radiai directibn. The oil-jét
will continue on its path from the nozgle until it cncounteré,the
windage boundary layer and subsequently enters the tooth space as
shown in Fig. 3.

It will be noticed that the oil jet ligaments and droplets are

'. The

turned slightly by the boundary layer velocity component vl

velocity profile of the windage boundafy layer is showm in Vig. 4.
The separation line tilts into the togth space at an angle of
approximately 15° [6]. ‘All of the air in the tooth space,

below the separation line, and past the tooth top land

trailing edge "a", is assumed to be moving at the gear pitch



line velocity vé. The jet (or droplets) will continue to gain an

increased windage velocity component v_ as it progresses toward

t
the root diameter of the gear and collides with the tooth profile

at X, (and angle g at depth Hw, Fig. 25 or misses the tooth entire1y
and passes out of the tooth spaéelat angle qo' Obviously, angle g
must be smaller than QD or the oil jet fails to cool the tooth profile
and gear cooling is restricted primarily to the top land ab as shown
in Fig. 3 (where the jet is moving relative to the gear).

The chance of the lubricant droplets missing the tooth profile
entirely are likely only at very shallow depths of penetration and
when the droplet sizg§ are extremely small (say below 1 mil in enuiva.
lent diameter). Thus, as will be shoﬁn, toﬁth space windage may be
an important consideration in determiﬁiné.the jet impingement depth
Hw when the jet spray is hichly atomized or inadeauate supply pressure
is provided,

It is necessary to have a logical reference point to define as
time zero (t = 0) in order to systemize the analysis 6f this problem,
The trailing edge of the top land (point "a" in Fig. 4) has been so
selected, This topic will be much further developed in the section
on "effects of tooth space windage" on impingement.

The rem2inder of the analysis will concentrate primarily on the
effects of "'space windage" on the dep;h of impingement required to
determine the extent of cooling surface that can be provided to the

cooling-o0il in specific applications.
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Eddy currents within the tooth sPace.(as shown in Fig., 4) can
-exist. Hﬁwever, since it is anticipated that the velocities v, of
these eddies are relatively small, development of a model will not
be considered herein. "End windage", shown in Fig. 5, is where thé
gear teeth act as an axial-radial flow fan, This effect coupled with
helix angle effects can in extreme cases, be very important, However,
this effect is net within the scope of-the present analysis,

Depth of Tmmincement Without Windare

Fig. 6 is a schematic of a vectorial model for oil jet pene-
tration without windage, From this figure,

A =H tand
v .

B=1H cotB:Hv
v mr——

tanbd
and = = v
K+4B=1 (u+2tan¢+B)=H (tan¢ + ;5-)
-2 2 .
Py h|
where
v £v = ur=2m. d
8 P 60 Z(12)
From the Bernoulli ecuation
vi + 0 =20+ & so that
— Y
2g
vy = Y'2g bp = 13/hp ft/sec (4p in PSIG),
'{ .

Combining equations (4) and (3),

v - v
g = nd = g
v Vi, v
g 2977V 5
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The velocity of approach before impingement is

V= 'vz + v;. ft/sec

3

The depth of impingement can now be formulated from Eq. (3):

Hv = 1,5708 + 2tan¢ + B/2

P ( nd + t ¢)
d gerr v o

when ¢= 20% and B = .060 (@ 1 Py)

H, = 2,33
P _nd 364
d Coggpe + 0709

or as a good approximation at ¢ = 20° and neglecting the pressure

angle in denominator for large high speed gears:

HY = 2,33 (2977) Ay < 6900 Vip
(Pdd) n n N

where: N = number of teeth = Pdd _
If the desired Hv is known, then the required 4p can be found by

returning to the original expression eaq. (1) above for A + B so that:

T4+ 2 tan? + Bf2 =P, H (tan® + __nd
7 d'v 5TV

and

Hde nd

ap

m B
2977 [-5 ty o+ (2 - vad) tang ]_J
1t should be noted that when

2= HP, < ZW) = wyorking depth'" at 1 Py, so that if

1z

M

(8)

(9)

(10)

(11)



the backlash B is neglected:
2nd 1 2 _ (nd)2 -6
R TR 5.5466
2

x 10 (12

and when (1 < Hdej 1+8 )~ depth to pitch line at 1F3 likewise:
2tan

_ 42
bpy = nd ] 13
2977 (7 + tan¢ )J (13)
.2 '

and so by accepting the approximation of. ea. (13) for 20° pressure angle
gears:

dp, =/ nd 2 _ 2 -6
h (—5—76-5“"/‘ = 33(;(3) % 10 . (14)

In subsenuent sections this impingement depth will be named
vectorial depth" (Hv) in order ﬁo distinguish it from the "windage
depth" (Hw). As will be shown also in subsequent sections eauation (8)
for H, should be considered a.good formula to use at the preliminary
design stage to determine the performance Qf an oil-jet being supplied
at a known oil pressure ﬂp. tThen the desired impingement depth Hv is
specified and the nozzle pressure required to obtain the vectorial
impingement depth is desired, equation (11) can be used to calculate
the required 4p,

Effects of Tooth Space Windage

Considering the motion of the oil droplets with respect to windage
in the tooth space in Fig. 6 requires the following fundamental equations

deseribing the kinetics of the pfoblem.
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2 3
IF_ = C, 1,2 (v -v.) md = 15
x d 74, o, 52 t 0o 60 a, =0 (15)
2 2 3
Fy Cdl%ﬁo paV ; +p° 50 a_ (16)

It is assumed that EFZ can be neglected in spur gears as a
second order effect.

Equation (15) and (16) are solved for X, and Ve in terms of
of the time of flight t to impingement, The point of impingement
of the oil drop trajectory and the teoth ﬁrofile are computed by
determining the time it takes qu the approaching gear topth to
catch the droplet trajectory in the x direction when the coordinates
for the gear tooth and the oil drop trajectory in the y direction are

coincident, The resultinz time equation ist

o (n+ g+4tang) = tanpin(l+v.et ) + En(l+v ot ) (17)
2P v &
d
where: a = 3 C4 pa from equations (15) and (16) {18)
4 dg 0,

It will be noted that the time of flight t  at impingement Xy Yy
cannot be solved explicity, but must be solved implicity using an
iteration process. A mathematical series approximation to equation (17)
can be provided todetermine the approximate time of flight.

Subsequent to solving equation (17) the coordinages of the impinge-

ment point X, ¥y are provided in equation (19) and (20) below.

o L
Xy = gty ~ % En(l+vgatw) (19)

Yy B‘%kn(vjatw+1) (20)

14



Equations (19) and (20) can be used to calculate the coordinate
trajectory by substituting t im place of t, thus arriving at the
coordinates Y, and X, o It should be clear that for the sake of
simplification that this model deals with a rack tooth profile
instead of an actual involute gear, This will usually not cause
a significant error in the coordinants of a droplet trajectory,
especially for large gears., For émall geérs it becomes very
necessary to calculate the actual depth from the top of the tooth
H, taking the circular motion of the outside diameter of the gear

or pinion into account. This can be accomplished from Fig. 2 as

follows: I 2 2%
By =R, - [(Ro - Yw) * xw]

When equation (21) provides a rero or negative answer the droplet
has obviously missed the tooth profile.
RESULTS AND DISCUSSION

Analytical Results

Using equation (21), the depth of impingement Hw into the gear
tooth space as a function of speed is shown in Fig. 7. Since the
gear used for the calculations has a small radius, the effect of
speed is more severe than it would be in a very large gear. The
calculations for Fig. 7 were performed using a .0076 mm (3 mil) drop
size (do) as a result, windage for this size drop would have a very
small effect on the depth of impingement for the analytical results

shown in Fig. 8.

15
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Fig. 8‘shows the effect of drop size on the windage impingement
depth Hw. The 10;000 RPM speed was selected so that two curves éould
be plotted at three different pressures farther apart than at the
slower speeds, The depth of impingement has been plotted as a
dimensionless parameter HWIHv so that the figure represents the
effect of drop size on the deviation from the vectorial model. It
will be noticed that there is vefy little effect for drop sizes larger
than about .0076 cm (.003 inches). At drop sizes below about .0013 cm
(.5 mil) the effect of drop size becomes very drastic at any pressure.
The same general effect occurs at all speeds,

Fig. 9 is the droplet trajectory plotted along the depth Y. and
pitch line distance X, for various gear speeds, A fixed jet nozzle
pressure of 14x104 N/rn2 (20 psi) has been selected for these célculations.
This pressure provides realistic results at all four speeds for the
gear size considered, TFigs. 7 and 9 help emphasire the necessity of
having adequate nozzle supply pressure commensurate with the speed of
operation to provide the maximum amount of cooling possible for the
gear size under consideration,

Experimental Results

Fig. 11 shows oil jet penetration into the tooth space at
4920 RPM, 18.6x10a N/m2 (27 psi) nonzle pressure and 575 frames/sec
using the xenon and stroboscopic lights, TFig. 1la shows the beginning
of oil jet penetration into the tooth space. The effects of windage

on the oil jet stream can be seen bending it to the right in the
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direction of rotation., Fig. 1lb shows the oil jet at impingement
with the gear tooth, This figure shows a close agreement with the
theoretical impingement depth lower boundary shown in Fig. 6. This
figure also shows the jet being broken up due to windage, |

Fige 12 1illustrates the total penetration of the oil particles
before and after_tooth impingement. Fig, 12b was photographed with
the xenon lamp at 2560 RPM lelOlb N/m2 (19 psi) and 1200 frames/sec,
This figure shows the impingement depth and post impingement trajectory
of the oil particles further into the tooth space. These post impinge-
ment particles are much smaller. A large percentage of these particles
are carried out of the tooth space without further contact with the teeth
thereby providing some lubrication but very little cooling. Fig lZqwhich
was photographed at 4920 RPM li;xlO4 N/m2 (20 psi) nor7zle pressure and
100 frames/sec, shows the post impinpement trajectory more clearly.

Fig., 13 was photographed at 2560 RPM, 9x10§ N/m2 (13 psi) with
the xenon and storobscopic lamps, Fig. 13a shows the oil jet penetrating
into tooth space prior to impingement, It also illustrates the absence
of windage effects on the jet stream such as bending and breaking up of
the oil jet, Fig. 13b illustrates what happens to the oil jet just at
tooth impingement. The oil is seen breaking up in small particles as it
bounces off the tooth surface., This refutes the hypothesis of continuous
flow to the tooth root according to the Schach model [7]. This model [7]
and [4] say that in all cases the oil divides Into two streams, one of

which flows along the tooth surface to the root.
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Comparison of Experimental and Analytical Results

Fig. 10 is a plot of calculated and experimental impingement
depth‘versus jet nozzle pressure for gear speeds of 2560 RPM and
4920 RPM., At both speeds there is good agreement between the calculated
and experimental impingement depths at the higher pressures. However,

at the lower pressures, there is considerable difference between the

calculated and experimental impingement depths, Most of this difference

in impingement depth 1is due to viscous losses in the nozzle with the

very viscous oil used. A small loss is due to windage effects not

considered in this paper.

SUMHARY

Lubrication tests were conducted in the NASA-Lewis Research
Center gear test apparatus modified for high speed photography of
gear tooth lubrication, Oil jet lubrication was photographed with
a high spced motion picture camera at gear speed of 4920 and 2560 RPH
and oil jet pressures from 7x104 to t’-;lxl.Ol+ N/m2 (10 psi to 60 psi).
The oil jet was illuminated with a 1000 watt xenon lamp and the
gear teeth were illuminated with a high speed stroboscopic light
so that oil jet impingement depth could be determined from the film,
An analytical model which {ncluded windage effects was developed

and the experimental results compared with the analytical model.

18



The following results were obtained.

1, The analytical model provides good agreement with the
experimental impingement depth.

2. Small drops of oil (less than ,0076 mm (.003 inches))
will be affected by gear windage, For this reason best lubrication
is provided when the ofil jet is not atomired,

3, The nozzle pressure must be at least 7x104 N/m2 (10 psi)
to get good impingement depth predicted by the analytical model.

4, At low oil jet pressures, penetration into the tooth space
is only slightly greater than the impingement depth. However, much
of this oil is thrown out of the tooth space witﬁout further contacting
the gear tooth profiles. Thus, most of the cooling funetion is accom-
plished above the impingement point.
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1.1

gear speeds. Drop size, 7.6210 7 meters (. 003 in. ).
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Figure 8. - Effect of drop size on windage impingement depth,
10 000 rpm, :
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Figure 10. - Calculated and experimental impingement depth versus oil jet
pressure at 4920 and 2560 rpm.
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Figure 11. - Qil jet penetrating tooth space and impinging Figure 12, - 0il jet impingment and subsequent pene-
gear tooth; speed, 4920 rpm; oil pressure, 10.5x10% N/m2 tration; xenon light only; (a) 4920 rpm; 14x10% N/m2
(15 psi); xenon and stroboscopic light. (20 psi); (b) 2560 rpm; 13x104 N/m2 {19 psi).

Figure 13. - Qil jet penetrating tooth space and impinging
gear tooth; speed, 2560 rpm (9x104 N/m2 (13 psi); xenon
and stroboscopic light. NASA-Lewis
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